We present a generalized solution to Grossman's model of health capital (1972), relaxing the widely used assumption that individuals can adjust their health stock instantaneously to an "optimal" level without adjustment costs. The Grossman model then predicts the existence of a health threshold above which individuals do not demand medical care. Our generalized solution addresses a significant criticism: the model's prediction that health and medical care are positively related is consistently rejected by the data. We suggest structural and reduced form equations to test our generalized solution and contrast the predictions of the model with the empirical literature.
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1 Introduction medical care in empirical studies. For example, Grossman argues that the observed negative relation could be attributed to biases that arise if the conditional demand function is estimated with health treated as exogenous (Grossman 2000; p. 386) . Muurinen and Le Grand (1985) , in attempting to explain the positive relation between mortality and medical care usage found by Cochrane et al. (1978) , suggest that the negative relation between indicators of health and of medical care (apart from suggesting that medical care is actually harmful) could be explained by differences in socioeconomic status. Individuals with fewer resources derive relatively higher production benefits from their health stock. They thus would have relatively greater usage of the stock (i.e., higher rates of health deterioration) which would require higher medical care to compensate for health losses. But if health cannot be completely repaired due to the increased use-intensity they would have inferior health states. High mortality would then be positively correlated with use of health services. Wagstaff (1986) provides a detailed discussion of potential reasons why estimates of the Grossman model may lead to a negative relation between measures of medical care usage and measures of health. On the one hand, one might argue that the coefficients determined in Wagstaff (1986) and similar analyses are not reliable estimates of the model's parameters. For example, Wagstaff suggests that in moving from the theoretical to the empirical model inappropriate assumptions may have been introduced (see Wagstaff 1986 for details). Or the identification of medical care with market inputs may insufficiently characterize health inputs if non-medical inputs are important in the production of health. On the other hand, one may take the estimates at face value and seek explanations in terms of the underlying model. Interestingly, Wagstaff (1986) suggests that, contrary to what is assumed in Grossman's theoretical work, the negative relationship may reflect a non-instantaneous adjustment of health capital to its "optimal" value. 3 This, Wagstaff argues, may be the result of a constraint on medical care or be due to the existence of adjustment costs. Wagstaff finds in subsequent analysis (Wagstaff 1993 ) that a reformulation of Grossman's empirical model with non-instantaneous adjustment is not only more consistent with Grossman's theoretical model but also with the data.
Indeed, in earlier theoretical work building on a simplified version of the Grossman model (Galama et al. 2009 ) we concluded that the widely employed assumption in the Grossman literature that any health "excess" or "deficit" can be adjusted instantaneously and at no adjustment cost may be too restrictive. Any "excess" in health capital cannot rapidly dissipate as individuals with "excessive" health can at best decide not to consume medical care. 4 As a consequence their health deteriorates at the natural deterioration rate d(t) (i.e., non instantaneous) until health reaches Grossman's "optimal" level. Thus an individual's health is not always at the predicted "optimal" level. While the widely employed assumption that an individual's health follows Grossman's solution for the "optimal" path allows one to derive simple model predictions for empirical validation (and indeed this may be the primary reason for its use), it is otherwise unnecessary and is not demanded by theory. Importantly, Wagstaff's (1993) work suggests that individuals do not adjust their health stocks instantaneously. In other words, not only is there no theoretical basis for the assumption, empirical evidence suggests the assumption is not valid.
In this paper we relax the widely used assumption that individuals can adjust their health stock to Grossman's "optimal" level instantaneously. We do not restrict an individual's health path to Grossman's "optimal" solution but allow for corner solutions where the optimal response for healthy individuals is to not consume medical goods and services for some period of time. We then find that the Grossman model predicts a substantially different pattern of medical care over the life-time than previously was assumed. Healthy individuals initially do not demand medical care till their health has deteriorated to a certain threshold level given by Grossman's "optimal" health. Subsequently their health evolves as the Grossman solution for the "optimal" path as individuals begin to demand medical care. In other words, Grossman's "optimal" health level is in fact a "health threshold" rather than an "optimal" trajectory. This simple pattern potentially addresses the most damning criticism: we find that the Grossman model predicts that healthy individuals (those above the threshold) do not consume medical care, but the unhealthy (at the threshold) do. Grossman's model thus predicts that healthy individuals demand less medical care, not the opposite, in agreement with the empirical literature.
Our working hypothesis is that a significant share of the population is healthy for much of their life. In our definition the healthy do not demand medical care. This would help explain the observed negative relation between measures of health and measures of medical care. Further, as we will see, this hypothesis can explain a number of other empirical facts.
A consequence of the assumption that a significant share of the population is healthy for much of their life, combined with the threshold nature of the demand for medical care, is that health investment in the Grossman model is to be strictly interpreted as medical care. It is the type of health investment (own time inputs and purchases of goods and services in the market) that individuals engage in when they are unhealthy and seek to "repair" their health. The Grossman literature sometimes views health investment as including a wide range of other types of investments, such as: preventive care (e.g., medical check ups), healthy dieting, and sports / exercise. Strictly speaking, the Grossman model does not contain the concept of healthy or unhealthy consumption nor of preventive care. In contrast to medical care, individuals engage in such activities when they are healthy as well as when they are unhealthy. In other words, these types of health investment are not part of the current formulation of the Grossman model where health investments take place only when individuals are unhealthy. The Grossman model, however, does offer an alternative way to include such health investments, by slowing the deterioration rate. For example, Case and Deaton (2005) model the effect of healthy consumption (e.g., healthy dieting, sports / exercise) as slowing and unhealthy consumption (e.g., smoking, excessive alcohol consumption) as accelerating the rate of deterioration. Preventive care may operate in a similar manner. Here we consider these extensions as beyond the scope of the current paper.
As mentioned before, we are motivated by the lack of a theoretical justification in the Grossman literature for employing the assumption that health is always at Grossman's "optimal" level (see Galama et al. 2009 ) and by Wagstaff's (1993) empirical analysis that suggests the assumption is not valid. A further motivation comes from the observation that the above attempts to explain the observed negative relationship between measures of health and measures of medical care do not pass the principle of Occam's razor when compared to the simple explanation put forward here that individuals cannot adjust their health stocks instantaneously (Wagstaff 1986 (Wagstaff , 1993 Galama et al. 2009 ). Our proposed explanation is the simplest in that we adopt the Grossman model as is and make one fewer assumption than is commonly made in the Grossman literature.
The aim of this paper is to investigate the solutions and predictions of the Grossman model without restricting the solutions to Grossman's so-called "optimal" solution by allowing for corner solutions. We proceed as follows. In section 2, we reformulate the Grossman model in continuous time allowing for corner solutions, solve the optimal control problem and derive first-order conditions for consumption and health. In section 3 we present structural form and reduced form solutions for health, medical care and consumption to enable empirical testing of our reformulation of the Grossman model. In section 4 we contrast the predictions of our generalized solution of the Grossman model with the traditional solution and with the empirical literature. We conclude in section 5 and provide detailed derivations in the Appendix.
General framework: the full Grossman model
We present the original human-capital model of the derived demand for health by Grossman (Grossman 1972a (Grossman , 1972b (Grossman , 2000 in continuous time (see also Wagstaff, 1986; Wolfe, 1985; Zweifel and Breyer, 1997; Ehrlich and Chuma, 1990) . Health is treated as a form of human capital (health capital) and individuals derive both consumption (health provides utility) and production benefits (health increases earnings) from it. The demand for medical care is a derived demand: individuals demand "good health", not the consumption of medical care. In the original formulation of the Grossman model (Grossman 1972a (Grossman , 1972b (Grossman , 2000 health yields an output of healthy time and consumption and medical care constitute both own-time inputs and goods or services purchased in the market. Simplified versions of the Grossman model have been presented by Case and Deaton (2005) who assume consumption and production benefits are functions of health rather than healthy time, Wolfe (1985) who assumes health does not provide utility, and Case and Deaton (2005) and Wagstaff (1986) who do not include time inputs into the production of consumption nor in the production of medical care. For an excellent review of the basic concepts of the Grossman model see Muurinen and Le Grand (1985) .
Individuals maximize the life-time utility function
where T denotes total life time, β is a subjective discount factor and individuals derive utility U{C(t), s[H(t)]} from consumption C(t) and from reduced sick time s[H(t)]. Sick time is assumed to be a function of health H(t). Time t is measured from the time individuals begin employment. Utility decreases with sick time ∂U(t)/∂s(t) ≤ 0 and increases with consumption ∂U(t)/∂C(t) ≥ 0. Sick time decreases with health ∂s(t)/∂H(t) ≤ 0. Further we assume diminishing marginal benefits:
The objective function (1) is maximized subject to the following constraints:
and we have initial and end conditions: H(0), A(0) and A(T ) are given. H(t) andȦ(t) in equations (2) and (3) denote time derivatives of health H(t) and assets A(t). Health (equation 2) can be improved through medical health investment I(t) (medical care) and deteriorates at the "natural" health deterioration rate d(t). Using equation (2) we can write H(t) as a function of medical care I(t) and initial health H(0),
Assets A(t) (equation 3) provide a return δ (the interest rate), increase with income Y{s[H(t)]} and decrease with purchases in the market of goods X(t) and medical goods and services m(t) at prices p X (t) and p m (t), respectively. Income Y{s[H(t)]} is assumed to be a decreasing function of sick time s[H(t)].
Integrating equation (3) over the life time we obtain the life-time budget constraint
The left-hand side of (5) represents life-time consumption of market goods and life-time consumption of medical goods and services, and the right-hand side represents life-time financial resources in terms of life-time assets and life-time earnings. Goods X(t) purchased in the market and own time inputs τ C (t) are used in the production of consumption C(t). Similarly medical goods and services m(t) and own time inputs τ I (t) are used in the production of medical care I(t). The efficiencies of production are assumed to be a function of the consumer's stock of knowledge E (an individual's human capital exclusive of health capital [e.g., education]) as it is generally believed that the more educated are more efficient consumers of medical care (see, e.g., Grossman 2000),
The total time available in any period Ω(t) is the sum of all possible uses τ w (t) (work), τ I (t) (medical care), τ C (t) (consumption) and s[H(t)] (sick time),
In this formulation one can interpret τ C (t), the own-time input into consumption C(t) as representing leisure. Income Y{H[s(t)]} is taken to be a function of the wage rate w(t) times the amount of time spent working τ w (t),
So far we have simply followed Grossman's formulation in continuous time. See Wagstaff (1986) , Wolfe (1985) , Zweifel and Breyer (1997) , and Ehrlich and Chuma (1990) for similar formulations. Our formulation differs however in one crucial respect from prior work: we explicitly impose the constraint that medical care is non-negative for all ages and allow for corner solutions in which individuals do not demand medical care (I(t) = 0).
Periods where individuals do not demand medical care: I(t) = 0
It is commonly assumed that any initial "excess" in health capital can be shed and any "deficit" can be repaired over a small period of time and at negligible cost. In other words, individuals are capable of ensuring that their health is at a certain desirable or "optimal" level (e.g., Grossman 1972a Grossman , 1972b Grossman , 2000 Case and Deaton 2005; Muurinen 1982; Wagstaff 1986; Zweifel and Breyer 1997, Ehrlich and Chuma 1990; Ried 1998) . 5 This assumption is not necessarily always stated explicitly. The literature generally assumes that there are no corner solutions. In making this assumption the literature restricts the solution to Grossman's "optimal" solution. While this allows one to derive simple model predictions for empirical validation, it is unnecessary.
It is useful to view medical health investment I(t) as encompassing activities related to health repair (e.g., purchases of medical goods and services and own-time inputs) and to view health-damaging environments (e.g., work and living environments, etc) as affecting the rate d(t) at which health capital deteriorates (see, e.g., Wagstaf 1986; Case and Deaton 2005) . Similar to Grossman (1972a Grossman ( , 1972b Grossman ( , 2000 we treat the health deterioration rate d(t) as strictly exogenous.
Healthy individuals, those with health levels above the "optimal" level, may desire to substitute health capital for more liquid capital. In other words, individuals may wish to "sell" their health. But, as equation (4) shows individuals cannot "choose" health optimally. Instead they can consume medical care (medical health investment) I(t) optimally. But medical care I(t), viewed as health-promoting cannot be traded (individuals cannot "sell" health through negative medical health investment) and is therefore positive for all ages I(t) ≥ 0. As a result health cannot deteriorate faster than the health deterioration rate d(t). This corresponds to the corner solution I(t) = 0.
Thus, we have the following optimal control problem: the objective function (1) is maximized with respect to the control functions C(t) and I(t) and subject to the constraints (2 and 3). The Lagrangean or generalized Hamiltonian (see, e.g., Seierstad and Sydsaeter 1987) of this problem is:
where q H (t) is the adjoint variable associated with the differential equation (2) for health H(t), q A (t) is the adjoint variable associated with the differential equation (3) for assets A(t), and q I (t) is a multiplier associated with the condition that health investment is non negative, I(t) ≥ 0.
First-order conditions
The first-order condition for maximization of (1) with respect to consumption, subject to the conditions (2) and (3) is (see the Appendix for details)
where the Lagrange multiplier q A (0) is the shadow price of life-time wealth (see, e.g., Case and Deaton 2005 ) and π C (t) is the marginal cost of consumption C(t)
The first-order condition for maximization of (1) with respect to health, subject to the conditions (2) and (3) is (see the Appendix for details)
where π I (t) is the marginal cost of medical health investment I(t) (see equation 10 in Grossman 2000)
π I (t) ≡π(t)/π(t), π H (t) is the user cost of health capital at the margin,
and ϕ H (t) is the marginal production benefit of health
Note that we have to impose that the user cost of health capital at the margin exceeds the marginal production benefits of health π H (t) > ϕ H (t). Without this condition, the consumption of medical care would finance itself by increasing wages by more than the user cost of health. As a result of this, consumers would choose infinite medical care paid for by infinite earnings increases to reach infinite health.
Equations (11) and (13) describe the first-order conditions for the constrained optimization problem. Equation (11) is similar to equation 4a by Wagstaff (1986) and equation 6 by Case and Deaton (2005) . Equation (13) is similar to equations 13, 1-13 and 11 of Grossman (1972a Grossman ( ), (1972b and (2000), respectively, equation 4b by Wagstaff (1986) , equation 3.5 of Zweifel and Breyer (1997) , and equation 6 by Case and Deaton (2005) , for q I (t) = 0 (i.e., I(t) > 0). 6 The essential difference between our results and those of fore mentioned authors is in the term q I (t) which is non-vanishing for I(t) = 0.
Grossman's solutions for consumption and health
The first-order condition (13) contains an expression in the multiplier q I (t) which is non-vanishing (q I (t) 0) for corner solutions in which individuals do not demand medical care (I(t) = 0). Let's first focus on the solution where q I (t) = 0. This special case corresponds to the solutions found by Grossman (1972a Grossman ( , 1972b Grossman ( , 2000 . The first-order condition (13) determines the "optimal" level of health for the "traditional" Grossman solution.
Denoting Grossman's "optimal" solutions for consumption, consumption goods, medical care, medical goods and services, own time input into the production of consumption, own time input into the production of medical care, sick time and health by C * (t), X * (t), I * (t), m * (t), τ C * , τ I * , s * (t), and H * (t), we have:
and,
The first-order condition (17) determines the level of consumption. It requires the marginal benefit of consumption to equal the product of the shadow price of life-time wealth q A * (0), the marginal cost of consumption π C * (t), and a time varying exponent that either grows or decays with time, depending on the difference β − δ between the time preference rate β and the interest rate δ. Increasing lifetime resources will lower q A * (0) 7 and hence increase consumption. The marginal cost of consumption π C * (t) increases with the price p X * (t) of consumption goods X * (t) and with wages w(t), and decreases with the efficiency of consumption goods in producing consumption, ∂C * (t)/∂X * (t) and with the efficiency of time inputs τ C * (t) in producing consumption, ∂C * (t)/∂τ C * (t) (see equation 12). Since the marginal benefit of consumption ∂U(t)/∂C * (t) is a decreasing function of consumption C * (t), higher prices of consumption goods p X * (t), higher wages w(t) and lower efficiencies ∂C * (t)/∂X * (t) and ∂C * (t)/∂τ C * (t) 8 lower the equilibrium level of consumption C * (t).
The marginal benefit of health (equation 18) equals the product of the shadow price of life-time wealth q A * (0), the user cost of health capital at the margin π H * (t) minus the marginal production benefits of health ϕ H * (t), and a time varying term with exponent −(β − δ)t. Since the marginal benefit of health [∂U(t)/∂s * (t)][∂s * (t)/∂H * (t)] is a decreasing function in health H * (t), lower lifetime resources (higher q A * (0)), higher user cost of health capital π H * (t) and lower production benefits of health ϕ H * (t) will lower the level of health H * (t). The user cost of health capital (see equations 14 and 15) increases with the price p m * (t) of medical goods/services, with wages w(t), the health deterioration rate d(t) and the rate of return on assets δ (reflecting an opportunity cost). The user cost of health capital decreases with the efficiency of medical goods/services in producing medical care, ∂I(t)/∂m * (t), the efficiency of time input τ I * (t) in producing medical care, ∂I * (t)/∂τ I * (t), and withπ I * (t), the rate of relative change in the marginal cost of medical care π I * . The marginal production benefit of health ϕ H * (t) (equation 16) increases with the extent to which health increases earnings [∂Y(t)/∂s
A lower price of medical goods/services thus increases health. This is pertinent in a cross-country comparison, but also when comparing across the life-cycle, for instance if health care is subsidized for certain age groups (like Medicare in the U.S.) Also, more efficient medical care will lead to greater health. Efficiency can explain variations within a country (if for instance individuals with a higher education level are more efficient consumers of medical care, Goldman and Smith, 2002) or across countries (if health care is more efficient in one country than in another).
Corner solutions
We allow for corner solutions in which individuals do not demand medical care I(t) = 0. This situation occurs when individuals have initial health endowments H(0) that are greater than Grossman's "optimal" level of health H * (0).
We follow a simple intuitive approach. The corner solution is associated with a non-vanishing Lagrange multiplier q I (t). The solution for consumption is still provided by the first-order condition (11) as this condition is independent of the Lagrange multiplier q I (t). The solution for medical care is simply
We do not need to use the first-order condition (13) to obtain the solution for health. Using equation (4) and I(x) = 0 we have
In other words, in the absence of medical care health deteriorates at the natural deterioration rate d(t). The corner solution is fully determined by equations (11), (19) and (20).
Empirical model
The Grossman literature assumes that an individual's health follows Grossman's "optimal" health path, H * (t) (e.g., Grossman 1972a Grossman , 1972b Grossman , 2000 Case and Deaton 2005; Muurinen 1982; Wagstaff 1986; Zweifel and Breyer 1997, Ehrlich and Chuma 1990; Ried 1998) . In other words, the literature assumes that either the initial health endowment H(0) is at or very close to Grossman's "optimal" health stock H * (0) or that individuals find this health level desirable and are capable of rapidly dissipating or repairing any "excess" or "deficit" in health.
Corner solutions, where individuals do not demand medical care (I(t) = 0), occur when individuals are healthy, i.e. H(t) > H * (t). Health then deteriorates at the natural deterioration rate d(t) (see equation 20) until it reaches Grossman's level H(t) = H * (t). Individuals then begin to demand medical care I(t) > 0. In other words, the Grossman solution for the "optimal" health stock represents a health "threshold" instead. In our generalized solution of the Grossman model, H * (t) is the minimum health level individuals "demand" to be economically productive (production benefits of health) or satisfied (consumption benefits of health). Individuals only consume medical care when they are "unhealthy" (health levels at the threshold) and not when they are "healthy" (health levels above the threshold). Wolfe (1985) assumes an initial surplus of health and is, to the best of our knowledge, the only researcher who has attempted to explore the consequences of corner solutions in Grossman's model in some detail. Wolfe employs a simplified Grossman model where health (or, alternatively, reduced sick time as in Grossman's original formulation) does not provide utility. Wolfe interprets the onset of " . . . a discontinuous mid-life increase in health investment . . . " with retirement. We however do not associate the discontinuous increase in medical health investment with retirement but with becoming unhealthy (health levels at the health threshold leading to consumption of medical care to improve health). We allow the onset of medical health investment to take place anytime during the life of individuals, including allowing for the possibility that the onset never occurs. While Wolfe (1985) provides a convincing argument that high initial health endowments are plausible 9 , we simply assume that initial health H(0) can take any positive value (including values below the health threshold).
We distinguish three scenarios as shown in figure 1. We show the simplest case in which the health threshold H * (t) is constant across age (e.g., for constant user cost of health capital π H * (t) = π H * (0), constant production benefits of health ϕ H * (t) = ϕ H * (0) and for β = δ; see equations 17 and 18) but the scenarios are valid for more general cases. Scenarios A and B begin with initial health H(0) greater than the initial health threshold H * (0) and scenario C begins with initial health H(0) below the initial health threshold H * (0). In scenario A health H(t) reaches the health threshold H * (t) during life (before the age of death T ) at age t 1 . In scenario B health H(t) never reaches the health threshold H * (t) during the life of the individual. In scenario C individuals begin working life with health levels H(0) below the initial health threshold H * (0).
In scenarios A and B the solution for health is determined by the corner solution presented in section 2.4 for young ages (scenario A) or all ages (scenario B). In scenario A, after health reaches the threshold level the solutions are determined by the "traditional" Grossman solution. In scenarios A and B we do not have to assume that individuals adjust their health to reach the health threshold.
In contrast, in scenario C we follow the traditional Grossman model and assume that an individual is able to adjust his/her health level to reach the health threshold ("optimal" health). Individuals will invest initial assets A(0) to improve initial health H(0) such that initial health equals the initial health threshold H(0) = H * (0). These solutions have been criticized by Ehrlich and Chuma (1990) as being unrealistic "bang-bang" solutions; the adjustment takes place instantaneously. It is, however, not necessary to assume that the adjustment is instantaneous as individuals will have had ample time to consume medical care before they enter the labor force. There is also naturally an adjustment cost associated with these medical investments in the sense that such individuals begin their work life with fewer assets as a result of the purchase of medical care in the market before they entered the labor force. In other words, by the time individuals enter the labor force their health has gradually reached the health threshold and the adjustment cost is reflected in reduced assets. The health of such individuals will then continue to evolve along the health threshold (the "optimal" health path).
Further, as mentioned before, our working hypothesis is that most individuals are healthy for most of their life (health levels above the health threshold). A consequence of this is that scenario C, where initial health is below the initial health threshold, is less relevant for our discussion. That is, we do not disagree with Ehrlich and Chumas criticism of the Grossman model. The formulation could benefit from a more realistic incorporation of medical technology (allowed to instantaneously take effect in the Grossman model) or from diminishing returns to medical care so that a consumer doesn't demand such investment all at once (the solution Ehrlich and Chuma offer; see also Case and Deaton, 2005) . For the purpose of the current research such extensions would complicate the model and provide relatively little benefit. Following Grossman (1972a Grossman ( , 1972b Grossman ( , 2000 and Wagstaff (1986) we derive structural and reduced form equations for empirical testing. Empirical tests of Grossman's model in the empirical literature have been based on estimating two sub-models (1) the "pure investment" model in which the restriction [∂U(t)/∂s(t)][∂s(t)/∂H(t)] = 0 is imposed and (2) the "pure consumption" model in which the restriction [∂Y(t)/∂s(t)][∂s(t)/∂H(t)] = 0 is imposed. To allow comparison with previous research we adopt the same restrictions and explore the same two sub-models. As Wagstaff (1986) 
notes equation (18) can be transformed into a linear estimating equation with the restriction [∂U(t)/∂s(t)][∂s(t)/∂H(t)] = 0 or [∂Y(t)/∂s(t)][∂s(t)/∂H(t)]
= 0, but this is not the case for the more general model. In addition, without imposing these restrictions analytical solutions for health, medical care and consumption cannot be obtained without making further assumptions. Lastly, the two sub models represent two essential characteristics of health: health as a means to produce (investment) and health as a means to provide utility (consumption). We now discuss each sub-model in turn.
Pure investment model
In the following we follow Grossman (1972a Grossman ( , 1972b Grossman ( , 2000 . We impose
assume that sick time is a power law in health
where β 1 and β 2 are positive constants (e.g., Wagstaff 1986) . 10 We thus have [∂Y(t)/∂s(t)][∂s(t)/∂H(t)] = β 1 β 2 w(t)H(t) −(β 2 +1) . We further assume that medical health investment (medical care) is produced by combining own time and medical goods/services according to a Cobb-Douglass constant returns to scale production function
where µ I (t) is an efficiency factor, 1 − k I is the elasticity of medical care I(t) with respect to medical goods/services m(t), k I is the elasticity of medical care I(t) with respect to health time input τ I (t), and ρ I determines the extent to which education E improves the efficiency of medical care I(t). Further, the ratio of the marginal product of medical care with respect to medical goods/services ∂I(t)/∂m(t) and the marginal product of medical care with respect to own time investment ∂I(t)/∂τ I (t) equals the ratio of the price of medical goods/services p m (t) to the wage rate w(t) (representing the opportunity cost of time; see equation 14)
Lastly, we follow Wagstaff (1986) and Cropper (1981) and assume the health deterioration rate d(t) to be of the form
where d • ≡ d(0)e −β 4 X(0) and X(t) is a vector of environmental variables (e.g., working and living conditions, hazardous environment, etc) that affect the deterioration rate. The vector X(t) may include other exogenous variables that affect the deterioration rate, such as education (Muurinen, 1982) .
Health threshold
Structural form equations The structural form equation for the health "threshold" (Grossman's solution for "optimal" health) is as follows (see the Appendix for details)
10 But note that negative values can be allowed as long as β 1 β 2 > 0 where ≡ (β 2 + 1) −1 , the constant β 5 ≡ ln(β 1 β 2 ) + ln[k
, and we allow medical technology µ I (t) = µ I (0)e −β 6 t to depend on age (e.g., the efficiency of medical goods/services m(t) and own time inputs τ I (t) in improving health could diminish with age). 11 It is customary to assume that the term ln d • in equation (26) is an error term with zero mean and constant variance ξ 1 (t) ≡ − ln d • (as in Wagstaff, 1986 , and Grossman 1972a , 1972b , 2000 and that the term ln[1 + δ/d(t) −π I (t)/d(t)] (the last term in equation 26) is small or constant (see, e.g., Grossman 1972a Grossman , 2000 , 12 or that it is time dependent ln Wagstaff, 1986 ). We do not have to make these assumptions as in our generalized solution of the Grossman model the rate of deterioration d(t) is observable for those times that individuals do not demand medical care (i.e., for corner solutions). While we assume that the last term in equation (26) is small, our formulation allows us to estimate and test this common assumption.
The demand for health (equation 26) thus increases with wages w(t) and with education E and decreases with prices p m (t) and the health deterioration rate (terms d • , β 3 and β 4 X(t)). The relation with age t is ambiguous. To ensure that health declines with age, it is commonly assumed that health deterioration increases with age,ḋ(t) > 0 (i.e. that β 3 > 0). 13 But since wages w(t) generally increase with years of experience (e.g., Mincer 1974) it is possible that the health threshold initially increases with age t.
The structural equation for the "optimal" consumption of medical goods/services is as follows
where
It is customary to assume that the last term in equation (27) 
, is small and can be ignored (Grossman 1972b) or treated as an error term (Wagstaff 1986 ). This would require that the effective rate of change in healthḢ(t) is smaller than d(t)H(t). This assumption is perhaps not unreasonable if medical care is efficient and slows down the effective health declineḢ(t). Note, once more that in our generalized solution of the Grossman model d(t) can be observed during times when corner solutions hold. The last term in equation (27) 
can thus be estimated. For smallH(t)/d(t), we have ln[1 +H(t)/d(t)] ∼H(t)/d(t).
Equation (27) predicts that Grossman's "optimal" demand for medical goods/services and Grossman's "optimal" demand for health are positively related. This is the crucial prediction which empirical studies consistently reject. Further, the demand for medical goods/services increases with wages w(t) and the health deterioration rate (terms d • , β 3 and β 4 X(t)), and decreases with education E and prices p m (t).
The literature usually focuses on the equations for health (26) and medical care (27), but note that equation (11) provides a condition for consumption C(t) as well, which, after making some reasonable assumptions, can be utilized to obtain expressions for consumption goods X(t) (see the Appendix for details). The budget constraint (equation 5) then provides the solution for assets A(t).
Reduced form equations Wagstaff (1986) notes that one way of overcoming the unobservability of health capital is to estimate reduced-from demand functions for health and medical goods/services. Combining (26) and (27) and eliminating any expression in health H(t) we find (see the Appendix for details):
where β 8 ≡ β 5 + β 7 and
which we assume to be small (of the orderd(t) × δ,d(t) ×w(t), etc). The demand for medical goods/services (equation 28) increases with wages w(t) and the efficiency of medical care (term β 6 ), and decreases with prices p m (t), education E, and the health deterioration rate (terms d • , β 3 and β 4 X(t)). 14
Corner solution
We have (using equations 20 and 25)
and
Note that during periods in which the corner solutions hold it is in principle possible to determine the rate of deterioration d • empirically. Hence we do not have to assume that the term ln d • in equations (26) and (27) is an error term.
Regime switching
The time t 1 when health has deteriorated to the "threshold" level must satisfy the following condition (given by equating 26 with 30):
The model thus implies a switch of regimes at time t 1 . Before t 1 the evolution of health is given by equation (30), whereas after t 1 it is given by (26). Empirically, this would generate a switching regression model with endogenous switching. Once health hits the "optimal" path, the process governing health switches from (30) to (26). Similarly, before t 1 the demand for medical goods/services is given by equation (31), whereas after t 1 it is given by (27) or, alternatively, by (28).
Pure consumption model
In the following we follow Wagstaff (1986) . We impose
To convert (18) into estimable equations we have to specify a functional form for the utility function. Grossman (1972a Grossman ( , 1972b Grossman ( , 2000 formulates his model in terms of sick time 15 and assumes that sick time s(t) is a function of health H(t); s(t) = s[H(t)]. An alternative formulation is provided by Case and Deaton (2005) . Case and Deaton formulate a simplified Grossman model in which utility and income are functions of health H(t) directly, rather than indirectly through sick-time s(t) which in turn is assumed to be a function of health s(t) = s[H(t)] (as in Grossman 1972a Grossman , 1972b Grossman , 2000 .
Utility specification

Following Case and Deaton we write utility U{C(t), s[H(t)]} = U[C(t), H(t)] and income Y{s[H(t)]} = Y[H(t)] as functions of health H(t) instead of sick time s(t).
Essentially both formulations are equivalent except that Case and Deaton's formulation is more general, allowing for example for earnings to be influenced not only by reductions in sick time but also increased worker efficiency resulting from good health. And, at any time we can revert back to the original specification in terms of sick time if deemed desirable.
We begin by noting that (see the first-order conditions 11 and 13)
In other words, the marginal benefit of health ∂U(t)/∂H(t) is given by the function π C (t) −1 [π H (t) − ϕ H (t)] times the marginal benefit of consumption ∂U(t)/∂C(t) and an additional expression in q I (t). For Grossman's solutions we have q I (t) = 0 and the additional term vanishes. Equation (34) suggests that the marginal utility of health ∂U(t)/∂H(t) and the marginal utility of consumption ∂U(t)/∂C(t) are functions of both health H(t) and consumption C(t). To allow for this we specify the following constant relative risk aversion (CRRA) utility function:
where ζ (0 ≤ ζ ≤ 1) is the relative "share" of consumption versus health and ρ (ρ > 0) the coefficient of relative risk aversion. The functional form for the utility function can account for the observation that the marginal utility of consumption declines as health deteriorates (e.g., Finkelstein, Luttmer and Notowidigdo, 2008) . The authors find that a one-standard deviation increase in the number of chronic diseases is associated with an 11 percent decline in the marginal utility of consumption relative to this marginal utility when the individual has no chronic diseases (the 95 percent confidence interval ranges between 2 percent and 17 percent). This would rule out the strongly separable functional form for the utility function employed by Wagstaff (1986) , where the marginal utility of consumption is independent of health. While we follow Wagstaff (1986) in most of the derivations we do not adopt his utility specification.
Health threshold
Structural form equations The structural equation for the health "threshold" (Grossman's solution for "optimal" health) is as follows (see the Appendix for details)
The health threshold thus increases with consumption goods X(t), prices for consumption goods p X (t), and education E and decreases with wages w(t), prices of medical goods/services p m (t), and the health deterioration rate (terms d • , β 3 and β 4 X(t)). The last term is generally assumed to be small and can be estimated in our formulation.
The structural form equation for medical goods/services is the same as for the pure investment model (equation 27) and is repeated for convenience:
Combining equation (36) with (37) and eliminating any expression in health H(t) we find (see the Appendix for details):
where β 12 ≡ β 7 + β 9 , and the expression for O(t) is provided by equation (29).
Reduced form equations Note that the health threshold (equation 36) is expressed directly as a function of consumption goods X(t). This relation is different from the one found by Wagstaff (1986; his equation 12) , which is the result of our choice for the functional form of the utility function (equation 35). Wagstaff (1986) finds that health H(t) is a function of the shadow price of life-time wealth q A (0). We can obtain a similar reduced form expression to the one found by Wagstaff (1986) by using the first-order condition (11) and making some reasonable assumptions to obtain an expression for consumption good X(t). We then find (see the Appendix for details):
and we allow the efficiency of consumption to depend on age µ C (t) = µ C (0)e −β 11 t . An expression for the shadow price of life-time wealth q A (0) in equation (39) can be obtained by using the life-time budget constraint (equation 5), substituting the solutions for consumption, health, and medical care and solving for q A (0) (see, for example, Galama et al. 2009 ). The shadow price of life-time wealth q A (0) is found to be a complicated function of life-time wealth (assets, life-time income), wages w(t), prices p m (t), p X (t), education E and the health deterioration rate (terms d • , β 3 and β 4 X(t)). Wagstaff (1986) provides a simple approximation for the shadow price of life-time wealth q A (0) (his equations 15 and 16) which may be easier to use in empirical testing of the model.
Assuming that both medical goods / services m(t) and time input τ I (t) increase medical care suggests 0 ≤ k I ≤ 1, and if education E increases the efficiency of medical care then ρ I > 0 (see equation 23). Similarly we have 0 ≤ k C ≤ 1 and ρ C > 0 (see equation 62). Finkelstein, Luttmer and Notowidigdo (2008) provide evidence that the marginal utility of consumption declines as health deteriorates. Assuming further diminishing marginal benefits of health ∂ 2 U(t)/∂ 2 H(t) < 0 we find 1 < χ < 1 + 1/ρ (and hence 0 < ρ < 1 and 1/ρχ > 1).
For these parameter values we find that the health threshold (equation 39) increases with education E, life-time wealth q A (0) −1/ρ , and decreases with the price of consumption goods p X (t), the price of medical care p m (t), wages w(t), and the health deterioration rate (terms d • , β 3 and β 4 X(t)). The health threshold could increase or decrease with age depending on the sign of χ(β 3 +β 6 )+χ(1/ρχ−1)β 11 +[(β−δ)/ρ] and on the evolution of wages w(t) with years of experience (e.g., Mincer, 1974) .
Combining equation (37) with (39) we find:
where β 13 ≡ β 7 + β 10 . The demand for medical goods/services (equation 41) increases with education E, life-time wealth q A (0) −1/ρ , and decreases with the price of consumption goods p X (t), the price of medical goods/services p m (t), wages w(t), and the health deterioration rate (terms d • , β 3 and β 4 X(t)). The health threshold could increase or decrease with age depending on the sign of χ(1 − 1/χ)(β 3 + β 6 ) + χ(1/ρχ − 1)β 11 + [(β − δ)/ρ] and on the evolution of wages w(t) with years of experience (e.g., Mincer, 1974) .
Corner solution
The solutions are given by the corner solutions (30) and (31) derived in section 2.4.
Regime switching
The time t 1 when health has deteriorated to the "threshold" level must satisfy the following condition (given by equating 36 or 39 with 30):
lnH(t 1 ) = β 9 + ln X(t 1 ) + ln p X (t 1 ) − k I ln w(t 1 ) − (1 − k I ) ln p m (t 1 )
Similar to the previous discussion for the pure investment model, the model thus implies a switch of regimes at time t 1 . Before t 1 the evolution of health is given by equation (30), whereas after t 1 it is given by (36) or by (39). Empirically, this would generate a switching regression model with endogenous switching. Once health hits the optimal path, the process governing health switches from (30) to (36), or alternatively to (39). Similarly, before t 1 medical care is given by equation (31), whereas after t 1 it is given by (37) or alternatively (38) or (41).
Model Predictions
The Grossman model has been tested in a number of empirical studies on a variety of datasets from different countries (Grossman 1972a; Wagstaff 1986 Wagstaff , 1993 Leu and Doppman 1986; Leu and Gerfin 1992; van Doorslaer 1987; Van de Ven and van der Gaag, 1982; Erbsland, Ried and Ulrich 2002; . 16 Despite the large 16 Grossman (1972a) employs the 1963 health interview survey conducted by the National Opinion Research Center (NORC) of the U.S. civilian noninstitutionalized population. Grossman employs measures of sick time and self-reported health and restricts the dataset to individuals with positive sick time. Wagstaff (1986) employs the 1976 Danish Welfare Survey (DWS) and uses principal components analysis (PCA) to derive a smaller number of health components from a long list of health indicators. Wagstaff also uses the wealth of DWS measures of work environment and use-related health depreciation. Measures of medical care employed are general practitioner visits, weeks in hospital and number of complaints for which medicine are taken. Wagstaff (1993) employs the Danish Health Survey (DHS) and uses a latent variable health model (multiple indicators multiple causes; MIMIC). Leu and Doppman (1986) employ a latent health variable, latent earnings and latent transfer income model based on Socio-medical indicators for the population of Switzerland (SOMIPOPS) data combined with the Swiss income and wealth study (SEVS). General practitioner consultations, hospital days and sick days are used as measures of medical care. Leu and Gerfin (1992) employ the same datasets as Leu and Doppman (1986) but follow a different methodology (health is a latent variable but no other latent variables are employed). Van Doorslaer (1987) estimates a latent health and latent medical knowledge variety in methodologies and the diversity in cultural and institutional environments these datasets represent, the studies are broadly in agreement with one another and confirm the predictions of the Grossman model for the demand for health. Health is found to increase with income (wages, life-time earnings), and education, and decreases with age, the price of medical goods/services, being single, and with environmental factors, such as, physically and mentally demanding work environments, manual labor, psychological stress factors. 17 While reduced form estimates of the demand for medical care are generally in agreement with the predictions of the Grossman model, this is not true for structural estimates (see Wagstaff 1986) . Structural estimates allow for direct testing of the relationship between health (most often a latent health variable is employed) and medical care. The most noticeable feature of such structural estimates is the consistently negative relationship between health and medical care (healthy individuals do not go to the doctor). But this relationship is predicted to be positive in the traditional solution of the Grossman model (see equation 27; those who consume more medical care are healthier). Further, the negative relationship between health and medical care is found to be the most statistically significant of any relationship between medical care and any of the independent variables (see, e.g., Grossman 1972a; Wagstaff 1986 Wagstaff , 1993 Leu and Doppman 1986; Leu and Gerfin 1992; van Doorslaer 1987; Van de Ven and van der Gaag, 1982; Erbsland, Ried and Ulrich 2002) .
We assume that each of the scenarios A, B and C occur in reality (see Figure 1) . In other words, that there exist healthy individuals who consume medical care during some part of their life (scenario A; initial health above the initial health threshold and the threshold reached during life), very healthy individuals who never consume medical care (scenario B; initial health well above the initial health threshold and the threshold never reached), and ill individuals who consume medical care their entire life (scenario C; initial health at the health threshold). We do not a-priori know the distribution of healthy, very healthy and ill individuals in the population but if a statistically significant share of individuals have initial health endowments H(0) above the initial health threshold H * (0) (scenarios A and B) then empirical tests should be able to distinguish between variable model to the Health Interview Survey of the Belgian National Health Research Project on Primary Health Care conducted in 1976 among the Dutch-speaking (Flemish) population. Van de Ven and van der Gaag (1982) employ a MIMIC model with latent health and data from a health-care survey among 8000 households in The Netherlands. Erbsland, Ried and Ulrich (2002) use data from the German Socio Economic Panel (SOEP). They use a model with a latent health and a latent environment variable and restrict the analysis to the working population and to those with a positive demand for medical services. use a rating scale and a time-trade off method to obtain measures of health as well as a self-reported measure of health from data collected in Uppsala County in Sweden. use a self-reported health measure from 1991 data of the Level of Living Survey (LNU), a random sample of the Swedish population. Both and provide estimates of the demand for health but no structural estimates for the demand of medical care. 17 In addition, these studies find that health increases with healthy behavior (sports, healthy eating and sleeping habits) and decreases with being overweight and with smoking. Females are found to be in lower health. And, moderate alcohol consumption is found to have a positive or negligible impact on health (e.g., Gerdtham et al. 1999, Leu and Doppman 1986) . Since the effect of consumption (healthy and unhealthy forms) on health as well as health behaviors (exercise, sleeping habits) and gender differences are not part of the Grossman model we do not discuss these here. the interpretation of the Grossman model advocated here (represented by the joint occurrences of scenarios A, B and C) and the interpretation adopted in the literature (represented by scenario C only).
In the following we will contrast the predictions of our interpretation of the Grossman model with the more generally held interpretation and with empirical observations from the literature.
Similarities
The predictions for the demand for health and for medical care for unhealthy individuals (those individuals whose health is at the threshold) in our generalized solution of the Grossman model are, with the exception of some minor differences in formulation, the same as for the original solution of the Grossman model. Those predictions have largely been verified in the empirical literature, with the exception of the relation between the demand for health and the demand for medical care (see for details the earlier discussion and references therein). We summarize our predictions in Table 1 .
Our generalized solution of the Grossman model broadly replicates the predictions of the traditional solution of the Grossman model. This can be seen as follows. Since the empirical literature has not distinguished between healthy and unhealthy individuals (a concept introduced in this work) a mixture of healthy and unhealthy individuals will have been included in the samples investigated. If at any time the proportion of unhealthy individuals (those whose health is at the health threshold and who behave according to the traditional Grossman solution) is significant this could produce the observed relationships, with the exception of the relation between health and medical care. The reason that the relationship between health and medical care is different stems from the significantly different behavior between healthy and unhealthy individuals. The healthy do not consume medical care while the unhealthy do. If both healthy and unhealthy individuals are included in a sample this would produce the observed strong negative relationship between measures of health and measures of medical care. At the same time, if we can restrict the sample to the unhealthy, we should observe the positive relationship between health and medical care as predicted by Grossman. 18 As Table 1 shows we expect health to decrease with the price of medical goods/services p m (t), unhealthy environmental factors (X(t), d • , β 3 ), and increase with education E 19 and with the efficiency of medical care −β 6 . The relation with age t is ambiguous as wages w(t) increase with working experience (e.g., Mincer, 1974) potentially countering the "aging" variables β 3 , β 6 , 18 Note that in retirement there is no production benefit from health as income, a pension / savings, is independent of the health status of the individual. Whether individuals demand less health as a result is unclear. The increased availability of leisure could reduce or increase the demand for health depending on whether leisure is a substitute or compliment of health (see for a discussion Galama et al. 2009 ). Given potential differences in the demand for health between workers and retirees it may be necessary to distinguish between workers and retirees to potentially establish the positive relationship between health and medical care. 19 Note that education could possible enter through lowering the rate of health deterioration d(t) in addition, or as an alternative, to increasing the efficiency of medical care; see, e.g., Muurinen (1982) n/a n/a n/a + Wages w(t)
n/a + n/a n/a Price of consumption good p X (t) n/a + -n/a Life-time wealth q A (0) −1/ρ n/a n/a + n/a Efficiency of medical care −β 6 + + + - Table 1 : Relationships between the health threshold (Health) and various model variables and between the demand for medical care (Medical care) and various model variables for both the pure investment (PI) and the pure consumption (PC) models. Equation numbers (Eq.) refer to the structural form equations in section 3. a Relations are valid for = 1/(1 + β 2 ) > 0. b For plausible parameter choices. Precise relationships and conditions under which relations are valid are provided in section 3.
β − δ. The effect of wages w(t) is unclear, with a positive effect on health in the pure investment (PI) and a negative effect on health in the pure consumption (PC) model. Do note however that the predictions for the PC model have less predictive power than for the PI model. The structural form equation (36) includes consumption good X(t), an endogenous variable, which in turn is a function of exogenous variables, such as wages w(t), the price of medical goods/services p m (t), education E, etc. The inclusion of consumption good X(t) in the structural form equation may distort the relationships between health and the exogenous variables. While the structural form equation (39) does not suffer from this problem, the predictions shown in the table depend on assumptions about model parameters (see table note b in the Table 1 ). In addition, the shadow price of life-time wealth q A (0) is a complicated function of various exogenous variables over the life cycle. Equation (39) thus suffers from a similar lack of transparency. With regard to the demand for medical care, Table 1 shows that we expect the demand for medical goods/services to decrease with the price of medical goods/services p m (t), education E and the efficiency of medical care −β 6 , and to increase with health H(t), wages w(t) and unhealthy environmental factors (d • , β 3 , X(t)). The predictions for the PI and PC models are the same. As discussed earlier the positive relationship between health and medical care is expected to be observable only if the sample can be restricted to unhealthy individuals.
Differences
In addition to the above predictions of our generalized solution of the Grossman model that are the same as in the traditional solution of the model, there are a number of distinctly different predictions. Those are discussed in detail below. We denote the predictions of our interpretation of the Grossman model by Health threshold, the more generally held interpretation by "Optimal" stock and the empirical observations from the literature by Empirical literature.
1. Medical care and health are negatively correlated if measured across healthy and unhealthy individuals "Optimal" stock: Health and medical care are positively correlated (see equations 27 and 37), i.e. individuals who consume more medical care are healthier.
Health threshold: Healthy individuals (H(t) > H * (t)) do not consume medical care, while unhealthy individuals (H(t) = H * (t)) do. I.e. healthy individuals do not go to the doctor much, do not take much medicine, are not found to stay often in hospitals. Measured across a sample of healthy and unhealthy individuals we expect unhealthy individuals to consume more medical care than healthy individuals.
Empirical literature: As discussed earlier the most striking feature of structural form estimates of the demand for medical care (see, e.g., Grossman 1972a; Wagstaff 1986 Wagstaff , 1993 Leu and Doppman 1986; Leu and Gerfin 1992; van Doorslaer 1987; Van de Ven and van der Gaag 1982; Erbsland, Ried and Ulrich 2002) is the persistent and highly statistically significant negative relation found between measures of health and measures of medical care. The studies employ a variety of methodologies and a variety of datasets representing different cultural and institutional settings in a number of different countries (Europe and U.S.), yet their findings are largely in agreement with one another. None of these studies separate a healthy from an unhealthy population and hence we expect to observe a strong negative correlation between health and medical care if the population consists of both healthy and unhealthy individuals. 20
2. Healthy people do not consume medical care
"Optimal" stock: In the standard solution of the Grossman model individuals consume medical care at all ages.
Health threshold: In our generalized solution healthy individuals (individuals whose health H(t) is above the threshold H * (t)) do not consume medical goods/services, i.e. we would expect some fraction of the population at any given time to not consume medical goods/services.
Empirical literature: We would expect that healthy people pay few visits to the doctor (perhaps only to prevent illness, such as for a "health check up") and that they do not require much medical care (hospital stays, use medicine, etc). For example, Wagstaff (1986) observes that 48% of the 1976 Danish Welfare Survey (DWA) sample he employed recorded zero general practitioner visits and 46.5% recorded zero weeks in hospital.
3. Effective health deterioration slows when individuals reach the health threshold "Optimal" stock: In the standard solution of the Grossman model health evolves as Grossman's "optimal" health stock, i.e. we do not expect to see discontinuous changes in the evolution of health.
Health threshold: Healthy people (H(t) > H * (t)) do not consume medical goods/services and their health deteriorates at the "natural" deterioration rateḢ(t) = −d(t)H(t). When, as a result of health deterioration their health reaches the health threshold H(t) = H * (t) (i.e., they have become unhealthy by our definition) they begin to consume medical goods/services and their health deteriorates at a lower effective rateḢ(t) = I(t) − d(t)H(t). If medical care improves one's health (e.g., medical care is effective), we expect to observe slower effective health deteriorationḢ(t) or even health improvement when individuals reach the health threshold and begin to consume medical goods/services). 21 Empirical literature: Van Kippersluis et al. (2008) examine inequality in self-reported health (SRH) as a function of income in 11 European countries. The authors transform the ordinal SRH information onto a cardinal scale using utility scores for the SRH categories taken from the 2001 Canadian Community Household Survey (CCHS). The authors find a remarkable consistency in the pattern of health with age. In most countries health deteriorates gradually from early adulthood until around age 50 after which it generally levels off before accelerating rapidly after age 70. The authors find this middle-age plateau (ages 50-70) rather puzzling, but it would be consistent with a slowing of the decline in health resulting from increased medical care as the average individual reaches a health threshold. After age 70, as terminal illnesses set in, health again declines rapidly. Smith (2004 Smith ( , 2007 uses self-reported health (SRH) status from the National Health Interview Survey (NHIS) and PSID to show how disparity in health between lowand high-income individuals (the so-called socio-economic status [SES]-health gradient) increases with age till about age 60 after which the disparity narrows (see for an excellent review of the literature on the SES-health gradient over the life cycle). The percentage of individuals reporting excellent or very good health status declines rapidly till age 60 for the first income quartile households (lowest income) and then remains fairly constant out till age 90. The 2nd to 4th income quartiles however show a more gradual decline.
Similarly, Case and Deaton (2005) present several plots of self-reported health (SRH) status from the NHIS as a function of age. Women and men in the bottom income quartile show a rapid deterioration in SRH between ages 20 and 60 after which the SRH curve flattens significantly (see their figure 2 ). Again we see no evidence for a flattening of SRH with increasing age for the upper income quartile (in fact we see gradually deteriorating SRH status). This suggests that high SES individuals reach a health threshold much later (their SRH deteriorates slower) than low SES individuals. As a result they see no need to consume medical goods/services even at late ages and their effective health deterioration does not slow with age.
Van Kippersluis et al. (2009) find similar results for the Netherlands using a rich dataset based on the Health Interview Surveys and administrative data from Statistics Netherlands (CBS). The data allows the authors to study SRH as well as mortality, to disentangle the effect of ageing from that of cohort effects and to use actual (not reported) income from tax files. The authors find the pattern of the SES-health gradient over the life cycle in the Netherlands to be remarkably similar to that in the U.S., despite significant differences in the two countries' institutions. Wagstaff (1993) fits an empirical reformulation of the Grossman model to two data subsets, those aged under 41 and those aged over 41. The author finds that for the over 41s the rate of effective health deteriorationḢ(t) is lower than for the under 41s (the estimated relationship is H t ∝ 0.849H t−1 for the over 41s [ Wagstaff 1993] ). Further, the fit is better for the over 41s (R 2 = 0.595) than for the under 41s (R 2 = 0.394). Since we expect that an older population will have relatively more individuals with health levels at or near the health "threshold" we would expect this population to provide a better fit to the "traditional" solution of the Grossman model.
So, perhaps older individuals, and in particular low income individuals, are slowing their effective health deteriorationḢ(t) in late age by consuming medical goods/services as a threshold model would predict. 22
4. Effective health deterioration and medical care are negatively correlated "Optimal" stock: According to the structural form equation (26) we findḢ(t) ∝ − (β 3 + β 6 )H(t) (assuming variation in wages w(t), prices p m (t) and environment X(t) is slow). Thus, high effective health deterioration requires that β 3 +β 6 is large and/or that health H(t) is large ( > 0 is required to reproduce other empirical findings; see note a in Table 1 ). The model then predicts that medical goods/services m(t) ∝ H(t)e (β 3 +β 6 )t are also high and increase exponentially with age (see equation 27). This would produce a positive correlation between effective health deterioration and medical goods/services.
Health threshold: Measured across healthy and unhealthy individuals we expect to observe that healthy individuals will have rapid health deterioration (Ḣ(t) = −d(t)H(t)) and low demand for medical care (I(t) = 0; they do not consume medical goods/services) while unhealthy individuals will be characterized by low effective health deterioration rates (Ḣ(t) = I(t) − d(t)H(t)) and high demand for medical care (I(t) > 0). This would produce a negative correlation between effective health deterioration and the consumption of medical goods/services.
Empirical literature: The discussion under item 3 suggests that individuals may slow their effective health deterioration as they age and begin to consume medical care. Further research is needed to empirically test this prediction.
Medical care increases discontinuously when individuals become unhealthy
"Optimal" stock: In the standard solution of the Grossman model health evolves as the "optimal" health stock and individuals consume medical care continuously, i.e. there is no switching of dynamics and we do not expect to see discontinuous changes in medical care.
Health threshold: Healthy people (H(t) > H * (t)) do not consume medical care. When, as 22 At these high ages SRH may suffer from selection effects. Unhealthy individuals may have higher mortality and drop out of the sample in higher numbers than healthy individuals. Further, SRH status suffers from framing bias, that is, individuals compare their health with a reference of what constitutes good health in their respective age group. In other words, they may be answering the question "Considering my age I am in good/bad health" instead of "I am in good/bad health". Both effects would either reduce the significance of the observed flattening of SRH or could provide an alternative explanation for the observation. a result of health deterioration their health reaches the health threshold H(t) = H * (t) (i.e., they have become unhealthy by our definition) they begin to consume medical care.
Empirical literature: The literature has, as far as we know, not tested this prediction before. The empirical test is described in Section 3. Some moderate support for the notion that the dynamics of healthy and unhealthy individuals are significantly different comes from the following observation. Grossman noted in his original work (Grossman 1972a; chapter V, p. 56 ) that over two thirds of the NORC sample he used in empirical testing of his model, reported no sick days. He notes that ". . . Since the characteristics of these two groups [reporting sick days and no sick days] are very similar, it is difficult to explain the behavior of the [group that had no sick days]. Put differently, the two groups essentially represent "two different samples," and problems arise when the data are pooled . . . " 23 6. Blue collar workers let their health deteriorate faster and to lower levels than white collar workers "Optimal" stock: Blue and white collar workers 24 consume medical care at all times. Blue collar workers (see equation 26) have lower levels of health, assuming lower wages w(t), lower levels of education E, higher "natural" deterioration rates d(t) (i.e. higher values of d • , β 3 , and β 4 and assuming > 0, 0 < k I < 1 and ρ I > 0; see equation 25). The "traditional" solution of the Grossman model is unclear about the effective health deterioration rateḢ(t) for blue versus white collar workers. 25 Health threshold: In scenario A, initially while blue and white collar workers are healthy (health above the "threshold"), a blue collar worker's health deteriorates faster than that of a white collar worker, assuming blue collar workers have higher health deterioration rates d(t) as a result of physically demanding work and working environments that are more detrimental to health (see equation 30). The health of blue collar workers deteriorates to lower levels as their health threshold is lower (see discussion above under "Optimal" stock and equation 26). Once workers reach the health threshold it is unclear what the nature of differences (if any) is for the effective health deterioration rateḢ(t) for blue versus white 23 Strictly speaking we distinguish healthy from unhealthy individuals by whether they are above (healthy) or below (unhealthy) the health threshold and whether they do not (healthy) or do (unhealthy) consume medical care. But the number of sick days is assumed to be a function of health, and healthy individuals are expected to report relatively fewer sick days than unhealthy individuals.
24 Blue collar workers are broadly defined as individuals who generally have 1) lower levels of education, 2) lower wages, and 3) perform "hard" labor (e.g., construction). White collar workers on the other hand generally 1) are more educated, 2) earn higher wages, and 3) perform "light" jobs (e.g., office workers). As a result of "hard" labor and worse working environments blue collar workers are believed to be characterized by higher "natural" health deterioration rates d(t) than white collar workers (e.g., Case and Deaton, 2005; Muurinen and Le Grand, 1985) . 25 Assuming wages w(t), medical prices p m (t) and environmental variables X(t) are relatively constant with age t we haveḢ(t) ∝ − (β 3 + β 6 )H(t). From this it is not immediately obvious that the effective health deterioration rate would be different for blue versus white collar workers, though β 3 (the exponential rate of decay of d(t); see equation 25), may be higher for blue collar workers. collar workers (see discussion above under "Optimal" stock).
Empirical literature: Case and Deaton (2005) investigate the rate of change in self reported health by occupation using data from the NHIS. The authors find that those who are employed in manual occupations have worse health than those who work in professional occupations and that the health effect of occupation operates at least in part independently of the personal characteristics of the workers. Cutler et al. (2008) Further, as discussed earlier under item 3, the health of women and men in the bottom income quartile deteriorates much faster than that of the top income quartile. It is much harder to assess from the self-reported health measures presented in Smith (2004 Smith ( , 2007 , Case and Deaton (2005) and Van Kippersluis et al. (2009) whether blue collar workers let their health deteriorate to lower levels of health, though generally speaking blue collar workers are found to be in worse health than white collar workers (e.g., Case and Deaton, 2005; Smith 1999 , 2004 , 2007 ; as well as the evidence provided by the aforementioned studies that estimated the demand for health and found health to increase with, e.g., education, wages and to decrease with, e.g., physically demanding work). Similar patterns hold for other measures of socioeconomic status, such as education and wealth and other indicators of health, such as disability, and mortality (e.g., ).
7.
The relationship between education and health is expected to be positive and differs for healthy and unhealthy individuals "Optimal" stock: Health and education are positively related if the efficiency of medical care increases with education (equation 26 for ρ I > 0). If health deterioration d(t) decreases with education E, i.e., education is part of the vector X(t) of environmental variables that affect the deterioration rate, then the education component of β 4 (β 4,E ) is negative and hence higher levels of education E through their affect on the deterioration rate d(t) increase the level of health. The effect is similar to the presumed increased efficiency of medical care usage through education, ρ I > 0, and both effects cannot be separated in the "traditional" solution of the Grossman model (the term in the structural form equation is ln H(t) ∝ (ρ I − β 4,E )E). There is no difference between healthy and unhealthy individuals as in the "traditional" solution of the Grossman model this distinction is not made.
Health threshold: In scenario A, initially while individuals are healthy any relationship between health and education (see equation 30) works only through the effect (if any) of education on the rate of deterioration d(t) and we have ln H(t) ∝ −e β 4,E (β 4,E < 0).
When individuals have reached the health "threshold" both pathways (through the presumed increased efficiency of medical care usage and through any affect on the rate of deterioration d(t)) are relevant and we have the same relationship as for the "optimal" stock: ln H(t) ∝
Empirical literature: A positive association between education and health has been established in the empirical literature (see, e.g., the evidence provided by the aforementioned studies that estimated the demand for health and found health to increase with education). To the best of our knowledge the literature has not yet made an attempt to test the interpretation of the Grossman model advocated here, i.e., to distinguish between healthy and unhealthy individuals and test differences in their respective relationships between health and education. The empirical test is described in Section 3.
Discussion
We have presented arguments for a generalized solution of the Grossman model (Grossman 1972a (Grossman , 1972b . Our generalized solution of the Grossman model can deal with an important criticism of the model: that the model's prediction that health and medical care are positively related is consistently rejected by the data (e.g., Zweifel and Breyer 1997, p. 62) . We find that this prediction is based on the widely used and unnecessary assumption that the health stock is always at Grossman's solution for "optimal" health. There is no theoretical basis for this assumption and empirical evidence suggests it is not valid. Removing this widely used restriction and allowing for the existence of corner solutions where individuals do not consume medical care, we find that the Grossman model predicts the existence of a health threshold. We have contrasted the predictions of the generalized solution of the Grossman model advocated here with the empirical literature. Our generalized solution replicates the predictions of the traditional Grossman model (which have largely been verified in the empirical literature) with the exception of the problematic prediction that health and medical care should be positively correlated (which has been rejected in the empirical literature). As with the traditional solution of the Grossman model (a special case of our generalized solution) we broadly expect health to decrease with the cost of medical goods/services and with environmental factors that are detrimental to health (e.g., working conditions) and to increase with education. The effect of income is unclear as different sub models predict a different relation with health. With regard to the demand for medical care, we expect medical care to decrease with the cost of medical goods/services p m (t) and with education, and to increase with wages and with environmental factors that are detrimental to health.
In addition, our generalized solution of the Grossman model produces a number of predictions that are different from the traditional solution of the Grossman model. First, it replicates the observed negative relation between health and medical care as in our generalized solution of the Grossman model healthy individuals (whose health is above the health threshold) do not consume medical care while the unhealthy (at the threshold) do. Second, we find that individuals do not consume medical care at all times as healthy people do not consume medical care. Basically our generalized solution of the Grossman model predicts the intuitively natural behavior that healthy individuals do not go to the doctor or stay in hospital while the unhealthy do (except for preventive care or as a result of a sudden health shock, both phenomena are currently not part of the Grossman model). Third, we find that effective health deterioration slows as individuals reach the health threshold and begin to consume medical care. Fourth, our generalized solution of the Grossman model predicts that the effective health deterioration rateḢ(t) (the net effect of "aging" and medical care) will be smaller for individuals who consume more medical care. Fifth, we predict that the consumption of medical care increases discontinuously as healthy individuals begin to consume medical care once their health reaches the health threshold. Sixth, our generalized solution of the Grossman model can account for the observation that blue collar workers tend to have faster rates of effective health deteriorationḢ(t) than white collar workers (e.g., Case and Deaton 2005) . Lastly, because the model distinguishes between healthy and unhealthy individuals who behave differently, the model allows for a number of tests that are not possible in the traditional interpretation of the Grossman model. For example, Muurinen (1982) has argued that education improves health through lowering the natural health deterioration rate d(t) (aging) and not just (or perhaps not at all) through improving the efficiency of an individual's consumption of medical care (Grossman 1972a (Grossman , 1972b . Since the first pathway (lowering the deterioration rate) operates only for healthy individuals and both pathways operate for unhealthy individuals it should in theory be possible to establish empirically the relative importance of both pathways. Also, while the natural deterioration rate d(t) is not directly observable in the traditional interpretation of the Grossman model, it is directly observable in our interpretation as individuals who are healthy let their health deteriorate at exactly this rate (assuming good empirical measures of health status are available).
A review of the empirical literature suggests that our generalized solution of the Grossman model can account for a greater number of observations than can the traditional solution. Ultimately though, the model needs to be verified in direct empirical testing. To this end we have provided detailed structural and reduced form equations for the pure consumption and pure investment models for both the healthy and unhealthy phases of life. Empirically, the proposed model is a switching regression model with endogenous switching. Once health hits the health threshold, the process governing health and medical care switches.
The corner solutions presented in this work contribute to better describing the behavior of individuals whose health is above the threshold level for parts of the life cycle (the healthy and the very healthy). However, for those individuals whose health is at the threshold over the life cycle (the ill) we have simply adopted the assumption commonly made in the Grossman literature that individuals are able to adjust their health to a desirable level. This assumption may be less severe though in the case of the ill. It is, for example, not necessary to assume that the adjustment is instantaneous as individuals will have had ample time to consume medical care before they enter the labor force. There is also naturally an adjustment cost associated with these investments in the sense that such individuals begin their work life with fewer assets as a result of the purchase of medical care in the market before they entered the labor force.
Natural extensions of the model would be to include uncertainty and health shocks (e.g., to address the criticism by Cropper 1977, Dardanoni and Wagstaff 1987) , to revisit the assumption of complete health repair (e.g., the criticism by Case and Deaton 2005) , to revisit the unrealistic so-called "bang-bang" solutions that the model produces when an individual's health is initially below the threshold (the ill; the criticism by Ehrlich and Chuma, 1990) , to include length of life as a decision variable (endogenous T ; e.g., Ehrlich and Chuma, 1990) , to include healthy and unhealthy behaviors such as unhealthy consumption (e.g., smoking), healthy consumption (e.g., dieting; see Case and Deaton, 2005) and preventive care, and to explore the solutions in which the decision to perform "hard" labor is endogenous (see, e.g., Case and Deaton, 2005) . Following Cropper (1981) and Wagstaff (1986) we have assumed that the natural deterioration rate d(t) is exogenously determined by environmental factors such as, e.g., working conditions, hazardous environment, etc. The model thus assumes that blue collar workers have no choice but to perform hard labor and face worse living, working and schooling environments. But, as Case and Deaton (2005) argue, individuals may accept risky and unhealthy work environments, in exchange for higher pay.
q H (t) and substituting the results for q H (t) andq H (t) in (44) we find the first-order condition for maximization of (1) with respect to health, subject to the conditions (2) and (3). The resulting first-order conditions are provided by equations (11) and (13) in section 2.
A.2 Structural and reduced form: pure investment model
We begin with the first-order condition for optimal health (18). We have (using equations 22 through 24) 
This leads to the structural form equation (26). Now consider the equations for medical health investment (equations 2 and 23) and using (24), lnI(t) = ρ I E + (1 − k I )lnm(t) + k I lnτ I (t) + ln µ I (t) (52)
= ln[Ḣ(t) + d(t)H(t)]
= lnd(t) + lnH(t) + ln[1 +H(t)/d(t)].
This leads to the structural form equation (27) .
Using (26) and (27) 
where β 8 ≡ β 5 + β 7 . Combining equations (53) and (54) we find: 
Substituting equation (59) into equation (56) and differentiating the result with respect to time t we find the reduced form expression (28).
While the literature largely focuses on the relations for health H(t) and medical goods/services m(t) the model does allow for the derivation of relations for consumption goods X(t) and assets A(t). In the pure investment model we have ∂U(t)/∂H(t) = 0, i.e. utility U(t) is independent of health H(t). We assume a simple functional form for the utility function:
The first-order condition (equation 11) then leads to:
Grossman (1972a, 1972b, 2000) assumes that medical health investment is produced by combining time and medical goods/service according to a Cobb-Douglass constant returns to scale production function (see equation 23). A similar assumption can be made that consumption is produced by combining time τ C and consumption goods X(t) as follows:
where µ C (t) is an efficiency factor, 1 − k C is the elasticity of consumption C(t) with respect to consumption goods X(t), k C is the elasticity of consumption C(t) with respect to time input τ C (t), and ρ C determines the extent to which education E improves the efficiency of consumption C(t).
Further the ratio of the marginal product of medical care with respect to medical goods/services ∂I(t)/∂m(t) and the marginal product of medical care with respect to own-time investment ∂I(t)/∂τ I (t) equals the ratio of the price of medical goods/services p m (t) to the wage rate w(t) (representing the opportunity cost of time; see equation 24). Similarly, the ratio of the marginal product of consumption with respect to consumption goods ∂C(t)/∂X(t) and the marginal product of consumption with respect to time inputs ∂C(t)/∂τ C (t) equals the ratio of the price of consumption good p X (t) to the wage rate w(t) (see equation 12). We then have π I (t) = p m (t) ∂I(t)/∂m(t) = p m (t) 1−k I w(t) k I e −ρ I E µ I (t)k
π C (t) = p X (t) ∂C(t)/∂X(t) = p X (t) 1−k C w(t) k C e −ρ C E µ C (t)k
Combining equations (25, 63, 64, 65 which leads to the structural form equation (39). As in the pure investment model one can find and expression for the shadow price of life-time wealth q A (0) for the pure consumption model, using the life-time budget constraint (5), the expression for income Y[H(t)] (equation 9), consumption good X(t) (equation 65), health H(t) (equation 39), and medical goods/services m(t) (equation 37). As in the pure investment model the expression is found to be a complicated function of life-time wealth (assets, life-time income), wages w(t), prices p m (t), p X (t), education E and the health deterioration rate (terms d • , β 3 and β 4 X(t)).
Combining equation (36) with (37) we find:
lnm(t) = β 12 + ln X(t) + ln p X (t) − ln p m (t) + ln[1 +H(t)/d(t)]
where β 12 ≡ β 7 + β 9 . Substituting equation (59) into equation (72) and differentiating the result with respect to time t we find the reduced form expression (38).
